We use microwave radiation generated by a semiconductor double quantum dot (DQD) micromaser for charge state detection. A cavity is populated with nc ∼ 6000 photons by driving a current through an emitter DQD. These photons are used to sense the charge state of a target DQD that is located at the opposite end of the cavity. Charge dynamics in the target DQD influence the output power and emission frequency of the maser. Three different readout mechanisms are compared. The detection scheme requires no cavity input field and may potentially be used to improve the scalability of semiconductor and superconducting qubit readout technologies.
I. INTRODUCTION
Quantum state readout is a crucial component of any quantum computing architecture. For semiconductor quantum dots, charge state readout has been performed using quantum point contacts [1] and quantum dots [2] as detectors. Electronic spin states can also be resolved using spin-to-charge conversion, which relies on spin selective tunneling and sensitive charge state detection [3, 4] . To increase measurement bandwidths, conventional dc transport measurement approaches have to a large extent been replaced by rf and microwave frequency reflectometry setups [5] [6] [7] . In particular, the circuit quantum electrodynamics (cQED) architecture allows for dispersive readout of superconducting qubits [8] [9] [10] [11] , as well as semiconductor charge and spin qubits [12] [13] [14] [15] [16] [17] .
Both rf-reflectometry and cQED measurement implementations rely on costly room temperature microwave sources, rf components, and coaxial lines that occupy a significant amount of space in a dilution refrigerator. As one scales to many qubits, the resource requirements will increase dramatically. Moreover, to suppress the room temperature microwave background, a typical attenuation of 60-70 dB is required in the coax lines connecting the signal generator to the quantum device (∼ 10 mK). To reduce the experimental complexity, the source would ideally be isolated from the 300 K environment.
Over the past 10 years it has been shown that a variety of voltage-biased quantum devices generate microwave frequency photons. For example, voltage-biased Cooper pair boxes and superconducting quantum intereference devices embedded in superconducting cavities have been shown to mase [18, 19] . Cavity-coupled semiconductor double quantum dots (DQD) can serve as an electrically tunable maser gain medium [20] [21] [22] . These devices are fabrication compatible with other qubits and they can be integrated on the same chip. It is therefore of interest to determine if these devices, which already operate at millikelvin temperatures, can be utilized as microwave frequency sources in quantum computing experiments [23] .
In this Letter we show that microwave frequency photons generated by a cavity-coupled DQD can be used to sensitively readout the charge state of a second DQD that is located in the same cavity. A source-drain bias is applied across an emitter DQD (e-DQD) and results in above-threshold masing. The photons generated by the e-DQD are used to sense a target DQD (t-DQD) that is located in the same cavity. Charge dynamics in the t-DQD influence the maser emission, changing its output power and emission frequency, allowing for charge state readout.
We explore three different readout approaches. In the first approach the total power emitted by the cavity is measured and used to reconstruct the t-DQD charge stability diagram. In the second approach, the e-DQD emission frequency, which is dependent on the charge state of the t-DQD, is used to measure the t-DQD charge stability diagram by mapping out the maser emission frequency arXiv:1707.08906v1 [cond-mat.mes-hall] 27 Jul 2017 as a function of the t-DQD gate voltages. In the third approach, we measure the power emitted into a narrow band centered around the free-running maser frequency. Shifts in the emission frequency significantly change the narrow-band power, allowing us to detect t-DQD interdot charge transitions. While the target qubit in these experiments is a semiconductor DQD, it could in principle be replaced with any other cavity-coupled qubit, such as a superconducting transmon qubit. No external cavity drive is required in our experiments, further supporting the use of a DQD maser as a light source for quantum state readout in quantum computation architectures. Figure 1(a) captures the important elements of our experimental setup. The e-DQD and t-DQD are coupled to a microwave cavity. To serve as a microwave source, the e-DQD is source-drain biased, which results in single electron tunneling events and microwave frequency photon emission into the cavity mode [22] . These cavity photons are used to sense the charge state of the t-DQD.
II. DEVICE DESCRIPTION
An optical micrograph of the device is shown in Fig. 1(b) . The cavity consists of a λ/2 superconducting resonator with resonance frequency f c = 7596 MHz and linewidth κ tot /2π = 1.77 MHz. The cavity is designed to have output (input) coupling rates κ out /2π = 0. . Independent control of the e-DQD is achieved using a separate set of bottom gates. We further define source and drain ohmic contacts using electron beam lithography. In contrast with our previous work, the source contacts to the e-DQD and t-DQD are electrically decoupled such that the source-drain bias voltages can be independently controlled [24] . The drain electrode of each DQD is connected to the microwave resonator. Coupling between a charge trapped in the DQD confinement potential and the electric field of the cavity leads to an electric dipole interaction with strength g c /2π ≈ 30 -40 MHz [21] .
III. CHARACTERIZATION OF THE EMITTER DOUBLE QUANTUM DOT
We first characterize the microwave field emitted by the e-DQD. For these measurements, the t-DQD source drain bias V T SD = 0 and the gates are tuned such that the t-DQD is in Coulomb blockade, where the charge number is fixed. In this configuration the t-DQD will not have any impact on the cavity field. The e-DQD is configured to emit photons by applying a finite source drain bias V E SD = 2 mV, which results in single electron tunneling events. The interdot charge transition leads to photon emission and, in a high quality factor cavity, a transition to a masing state [22] .
To measure the emitted radiation, the cavity output field is amplified using a high electron mobility transistor (HEMT) amplifier and detected with a spectrum analyzer. Figure 2 (a) shows the power spectral density S(f ) of the radiation emitted from the cavity, along with a fit to a Lorentzian. The best fit parameters yield the emission frequency f e = 7595.68 MHz and FWHM = 8 kHz. We obtain a total output power P out = 0.16 pW by integrating over S(f ). The emission power yields an intra-cavity photon number n c = P out /(hf e κ out ) ≈ 6000 given κ out /2π = 0.8 MHz. The FWHM is 200 times narrower than the bare cavity linewidth, which is suggestive of masing.
The output field can be examined in more detail by measuring (I,Q) histograms. To acquire the histograms, the cavity output field is first amplified with a HEMT and then demodulated into the in-phase (I) and quadraturephase (Q) components by a local reference set to a frequency f lo = f c [24] . 7 (I, Q) samples at a rate of 12.3 MHz. The histogram has a ring shape that is consistent with coherent emission [22] . Combined, these data sets show that the voltage-biased e-DQD can serve as a coherent source that populates the cavity with approximately 6000 photons. These photons may be used to read out the charge state of the t-DQD, as will be demonstrated in the following sections of the paper.
IV. TARGET DOUBLE QUANTUM DOT CHARGE STATE DETECTION
In this section we compare several different approaches for measuring the charge stability diagram of the t-DQD. We first measure the stability diagram using standard cavity input-output readout, where an external tone is used to populate the cavity with photons. These data are then compared with charge stability diagrams that are obtained by measuring the total power emitted from the cavity when it is populated with e-DQD photons. Two additional transduction methods are examined that are based on the effect that charge dynamics in the t-DQD have on the emission properties of the e-DQD. Specifically, we show that the t-DQD charge stability diagram can be reconstructed by measuring the emission frequency of the e-DQD and the narrow band power emitted by the e-DQD.
A. Charge state readout through measurements of the cavity transmission
The conventional cavity input-output readout approach is illustrated in Fig. 3(a) . Here the cavity is driven by an input tone of frequency f in and power P in ≈ −112 dBm that results in approximately n c ≈ 10 intra-cavity photons. The resulting cavity output is amplified with a HEMT and demodulated by a local reference having a frequency f lo = f in . Both the phase shift ∆φ and power gain G = CP out /P in can be extracted from the cavity transmission. Here the constant C is set such that G = 1 with f in = f c and both DQDs in Coulomb blockade [21, 24] . Figure 3 (c) plots G as a function of the t-DQD gate voltages with f in = f c and V T SD = 0. For this data set the e-DQD is in idle mode, with V E SD = 0 and the gate voltages tuned to Coulomb blockade. These measurements reveal the t-DQD charge stability diagram, consistent with previous measurements of cavity-coupled InAs nanowire DQDs [21] .
B. Charge state readout through measurements of the total cavity output power
To make a comparison with cavity input-output readout we now turn off the cavity input tone and configure the e-DQD in the "on state," such that it is emitting coherent radiation as shown in Fig. 2 . We then measure the output power P out and plot it as a function of V T L and V T R in Fig. 3(d) . Writing the cavity output field complex amplitude as α = I + iQ, P out is determined from measurements of α * α = I 2 + Q 2 . The (I, Q) data are processed using a digital filter of 2.6 MHz bandwidth that covers the entire cavity linewidth and therefore I 2 + Q 2 captures the total emitted power [25] . The scenario is equivalent to a power meter measuring over a wide bandwidth as illustrated in Fig. 3(b) . The data in Fig. 3(d) show that measurements of P out can be used to extract the t-DQD charge stability diagram.
C. Impact of charge dynamics in the t-DQD on the emission properties of the e-DQD
We now more carefully examine the readout mechanism by studying the effect that the t-DQD charge configuration has on the emission properties of the e-DQD. Figure 4 (a) shows a high resolution measurement of P out near one of the t-DQD interdot charge transitions in Fig.  3(d) . These data were acquired in the absence of a cavity input tone and with the e-DQD emitting photons. The left dot and right dot charge transitions are visible in these data, while the visibility of the interdot charge transition is significantly less than in the data shown in Fig. 3(c) .
To better understand what sets the visibility of the charge transitions in these data, we measure S(f ) of the emitted radiation with the gate voltages of the t-DQD tuned to different regions of the t-DQD charge stability diagram. Figure 4(b) shows measurements of S(f ) with the t-DQD configured in Coulomb blockade, at the interdot charge transition, and at a left dot charge transition. With the t-DQD configured in Coulomb blockade the emission peak in S(f ) is centered at f 0 e = 7595.68 MHz. When the t-DQD is configured to a left dot charge transition, the emission peak shifts down in frequency by 214 kHz, the peak power is reduced by approximately a factor of 10, and the peak in S(f ) is significantly broader. In comparison, with the t-DQD configured at the interdot charge transition the emission peak is only shifted down in frequency by 37 kHz. The emission peak has a height and width that is comparable to the data acquired with the t-DQD in Coulomb blockade. Therefore, it is difficult to resolve the interdot charge transitions in measurements of the total emitted power P out . However, since the emission peak shifts by an amount that is much greater than the FWHM ∼ 8 kHz of the emission peak, measurements of the emission frequency may be used to reconstruct the t-DQD charge stability diagram. By fitting S(f ) to a Lorentzian at every point in the t-DQD charge stability diagram we can extract f e as a function of V T L and V T R . A plot of the extracted f e is shown in Fig. 4(c) and is much more sensitive to the interdot charge transition. Therefore a measurement of f e can in principle be used to readout the device. The approach is similar to cQED readout of transmon qubits, where the state-dependent dispersive shift of the cavity is used for readout [8, 9] .
It is important to note here that in general we do not know the phase of the maser emission, and that previous work showed that the coherence time of the maser is only on the order of 10 µs [24] . Even with a long coherence time, f e = f e (V T L , V T R ) is t-DQD dependent and thus the phase shift in the maser output ∆φ(t) = ∆f e (t)dt where f e (t) = f e (V T L (t), V T R (t)) is dependent on the "path" of (V T L (t), V T R (t)). ∆φ is then not a well defined variable. Therefore we cannot simply measure the dispersive shift ∆φ, as is commonly achieved with phase-sensitive measurement approaches in cQED.
D. Charge state readout through narrow-band measurements of the total cavity output power
The previous section demonstrated that measurements of the emission frequency f e can be used to reconstruct the t-DQD charge stability diagram. However, extracting f e from measurements of S(f ) is too time consuming (3-4 seconds per spectrum) to allow for efficient charge state readout. The challenge of devising a practical measurement that quickly extracts the state-dependent frequency shift has been solved in the standard readout schemes. For example, in cQED systems, state dependent shifts in the resonance frequency of the cavity can be measured by driving the cavity with a weak input tone at f in = f c and detecting the large phase shift ∆φ = arctan(I, Q) of the cavity output field using heterodyne demodulation techniques. As a demonstration of the standard readout approach, Fig. 5(a) Phase readout is not feasible when e-DQD emission is used to populate the cavity with photons since f e exhibits fluctuations that randomize the phase. Moreover, since f e is a quantity that depends on the t-DQD configuration the phase shift is not a well-defined quantity. Instead, a quantity analogous to the phase shift can be measured for fast readout. The emission spectrum [ Fig. 4(b) ] shifts in response to the charge state of the t-DQD, allowing us to simply measure the output power P out within a narrow resolution bandwidth (RBW), as schematically illustrated in Fig. 4(b) . The frequency range over which the power is integrated f 0 e ± RBW/2 should be smaller than the expected state-dependent shift in f e , yet large enough to tolerate the drift in f e caused by charge fluctuations in the emitter [22, 26] . We operate with RBW > FWHM of the e-DQD emission spectrum to tolerate the drift in f e , and RBW < f e − f 0 e to allow sensitivity to changes in the emission spectrum due to the t-DQD charge state. Figure 5 (b) shows the output power P out measured around f 0 e = 7595.68 MHz with a 30 kHz RBW. The state-dependent shift in the emission center frequency at a t-DQD interdot charge transition leads to a factor of 100 change in P out within the measured bandwidth.
V. SUMMARY AND OUTLOOK
In summary, we have shown that a voltage-biased DQD can be used as a light source for qubit readout in the cQED architecture. Readout based on measurements of the total output power, emission center frequency, and narrow-band output power were compared. While the total output power is sensitive to single dot charge transitions, it does not have sufficient sensitivity to resolve interdot charge transitions. Measurements of the emission center frequency reveal both single dot and interdot charge transitions, but this approach is slow and not wellsuited for single shot readout. The narrow-band power measurement approach yields high sensitivity to both single dot and interdot charge transitions.
In some applications, it may be desirable to place the e-DQD in a separate cavity. In the masing state, the e-DQD generates a large intra-cavity photon number n c ∼ 6000, which may cause saturation effects and broaden the linewidth of the target transition. Separating the emitter from the target qubit would more easily allow the emitted field to be attenuated. Lastly, previous work has shown that the maser can be switched on and off rapidly [22] . A switchable maser could be turned off during quantum control sequences and then rapidly activated for high power readout of the qubit state [27] . We hope that this study will motivate further applications of nanoscale emitters in quantum computing readout architectures.
